Minute variations in a carrier density can drive drastic qualitative changes in the ground state of a correlated electron system. To establish methods of a critical control of the carrier density at the boundary of phase competitions is a pressing challenge in an interdisciplinary field of the modern condensed-matter physics and semiconductor technologies. Employing the technique of electrostatic charging is most believed to enable the continuous tuning in the very same material with minimum disturbance of the underlying lattice. Focused here are the perovskite transition metal (TM) oxides which are a bustling repository of the strong correlation phenomena. Two major approaches are reviewed: one is to use a thin dielectric film deposited on the top of the perovskite TM oxides, the other is to use a dielectric single-crystalline substrate and deposit a thin film of the perovskite TM oxides on the top of it. Although the methods have not been well matured, one can explore their growing capabilities within this review.
INTRODUCTION
The most fascinating phenomenon of the strongly correlated electron systems is that a battalion of as many as 10 23 cm −3 electrons in a material do a complete turnaround simultaneously and coherently; a well-known example is the Mott transition [1] [2] [3] . The larger the number of the electrons involved in the phase transition, the more interesting and challenging the phenomenon becomes [4] . This concept of correlated electron systems brings to life a noble electronic device, such as a so-called Mott transistor [5] [6] [7] . The correlated electron device is a sharp counterpart [8] of the single-electron device generated by the present rapid progress of nanotechnology, which aims at manipulating the electron one by one.
With the long history of advances in materials growth techniques of perovskite-type transition-metal (TM) oxides, we have had a huge playground to explore strong electron correlation effects. Compared to such advances, scarce progress has been done in the perovskite-based correlated electron device so far. The largest impediment is likely to be the lack of a method of the critical control of carrier density in those correlated materials especially near phase boundaries, where minute changes in carrier density can give rise to huge changes in materials properties. Another reason might be the fact that the fields of semiconductor microelectronic technology and strongly correlated electron systems have historically followed rather disconnected paths with few interdisciplinary points of contact. Thus, the purpose of this review is to contribute to span a bridge of understanding between the fields by focusing on several important attempts of electrostatic fine-tuning [9] of carrier number of, in particular, the perovskite-type TM oxides. The continuous tuning of the carrier density of these strongly correlated electron systems may not only allow novel devices to be realized but also provides new ways to investigate quantum critical phenomena, a subject of great current interest [10] .
It should be noted that there have been a number of researches of the ferroelectric field effect in complex oxides [11] using a ferroelectric thin film [12, 13] [27] . In those Fe-FET, the field effect is due to the spontaneous polarization, i.e., bound charges, of the ferroelectric material. Therefore, we cannot control the carrier density of the materials continuously by the applied gate electric field. But the other side of the coin is that there exists no gate leak current, and thus observed are authentic electrostatic carrier doping effects. Moreover, the FeFET is a major candidate of a future nonvolatile memory device. The high-T c cuprate transistor and the FeFET device are, however, beyond the scope of this review; here we focus on the methods of electrostatic continuous finetuning of the carrier density in perovskite TM oxides. Several representative examples described in this review are fairly versatile and should be applicable for a large class of systems under current experimental investigation.
PEROVSKITE-TYPE TM OXIDES
First of all, it is worth while to brief a background why the perovskite-related TM oxides have held a centre stage of the research of the strongly correlated electron systems.
Most of the compounds with the general formula of ABO 3 have the perovskite structure. The atomic arrangement in this structure was first found for mineral "perovskite" CaTiO 3 . The unit cell of ABO 3 is represented by the A ions at the corners of a cube with B ions at the body center and the oxygen ions at the centre of the faces (Fig. 1 ). In the perovskite-type oxides, the A cation is coordinated with twelve oxygen ions, and the B cation with six. Thus, the ionic radius of the A cation is normally found to be somewhat larger than that of the B cation. Therefore, the largest number of perovskitetype compounds are described by the general formula forms a three-dimensional network, so that, if the system is metallic, electric conduction is three-dimensional along the BO 6 network. Then, the most important advantage of the perovskite structure is that the BO 6 network is stable for substitutions of the A-site ion. Therefore, perovskite oxides ABO 3 , with B of a TM cation, provide us with an ideal stage to study the electron correlations. That is, the A-site cation is completely ionized in most cases without contributing to the band formation. By this ionization of the A-site, electrons are left in the oxygen 2p bands and/or the TM d bands. With this advantage, we can take three important strategies for the systematic control of the electronic states with this ABO 3 compounds [29] . 1) Filling control: nominal number of conduction electrons per unit formula is controlled by the chemical substitution of an A ion for that of different valence. 2) Bandwidth control: B-O-B bond angle can be changed by changing the ionic radius of the A-site ion. The bond-angle buckling is governed by the so-called tolerance factor f of the perovskite-type compounds ABO 3 defined as
where R A , R O , and R B are the ionic radii of the A ion, the O ion (oxygen), and the B ion, respectively. When the value of f is almost 1, the system is cubic; while for f < 1, the lattice structure changes to rhombohedral and then to the orthorhombic GdFeO 3 type. In the orthorhombic perovskite structure, it is known that the B-O-B bond angle decreases continuously with decreasing f almost irrespective of the set of A and B [30] . The buckling of the B-O-B bond angle reduces the bandwidth W , since the effective d-electron transfer interaction between the neighboring B sites is governed by the supertransfer process via the O 2p state. Thus, the ratio of the Coulomb interaction U to W (U is considered to be kept almost constant by the substitution) can be systematically controlled. 3) Dimension control: by changing the crystal structure from the simple perovskite to the layered perovskite, such as A 2 BO 4 , we can follow how the electronic states change by reducing the network paths of the system. These guiding principles promote systematic researches of the perovskite TM oxides; hence the materials have been favoured for investigating strong correlation effects. Part of the filling control and the bandwidth control researches are summarized in a schematic phase diagram shown in Fig. 4 approximation show all the materials in Fig. 4 except for the 3d 0 band insulator should be metallic. However, several compounds in the shaded area are insulating, i.e., the strong electron correlations play an important role to open the energy gap.
Perovskite manganites, in particular, show a variety of phase diagrams. A typical example is depicted in Fig. 5 (after [34] ), where several ordered states appear when the hole carrier number is changed. The phase competition is a characteristic of the strongly correlated electron system. A subtle modulation of the carrier density on the verge of the phase boundary is the fundamental idea of the correlated electron device.
The history of the research on the perovskite-type TM oxides is quite long [32, 33] , nevertheless, the comprehensive view of their physics has not been grasped yet. The phase diagrams (Figs. 2 -5) and others alike have been often looked at as a treasure map, indicative of great capabilities of this research field.
CONTINUOUS CAPACITIVE CHARGING WITH DIELECTRICS
Two representative methods of the electrostatic finetuning of carrier density of the perovskite TM oxides are reviewed here. The first method is to deposit a thin film of a dielectric material directly on the surface of a sample [ Fig. 6 (a) ], while the other is to deposit a thin film of a sample on the surface of a dielectric single crystal [Fig. 6 (b) ]. Before describing each method, here an ideal metal/insulator/semiconductor (MIS) structure, i.e., "gate electrode"/"gate dielectric"/"sample" structure, is taken up to see how the carrier is doped in a sample by the capacitive charging. 
Gate Electrode
Schematic of classical (dashed lines) and quantum (solid lines) carrier density profiles of a vertical cut through an ideal MIS structure. Classical densities are sharply peaked and discontinuous at the insulator/sample interface, and can not penetrate into the insulator. Quantum profiles are smoothly peaked below the interface, continuous at the interface, and can penetrate (tunnel) into the insulator.
Ideal MIS structure and a profile of electrostatic charge
Given that an ideal MIS structure is formed by this method, the field induced electrons/holes are accumulated at the bottom/top of the conduction/valence band of the sample. In the classical Thomas-Fermi solution, in which the charge density depends only on the local separation of the band edge and the Fermi level, the carrier densities (dashed curve in Fig. 7 ) change abruptly from some large external value to zero at the interfaces of the insulator. However, the real charge density, illustrated by a solid line in Fig. 7 , goes essentially to zero (except for small amount of penetration by quantum tunnelling) in the gate insulator, However, the carrier densities must be continuous across the interface, resulting in significant differences in classical and quantum carrier profiles. The average spatial extent of the charge in the sample is much larger when calculated quantum mechanically than classically.
Then, the charges are confined at the interface, generating a two dimensional electron/hole gas, i.e., the motion of carriers in the direction normal to the interface (z direction) is hampered. And the conduction band is split into many subbands due to quantum effects.
Hereafter, we assume the carrier is an electron, for simplicity. In order to obtain a distribution of the electron, we have to solve the Schrödinger equation in the presence of the interface.
where m z is the effective mass of the electron in the z direction, V (z) is an electrostatic potential, ϕ i is a wave function of the ith subband, E i is an eigenvalue of the ith solution and a ground-state energy of the two dimensional electron gas of the ith subband. V (z) is given by a solution of the Poisson's equation
where e is the elemental charge and is a permittivity of the sample, and N i is an areal carrier number density of a two-dimensional electron gas of the ith subband. Compared to the classical Poisson's equation, the combination of Eq. 1 and Eq. 2 is often called a Poisson-Schrödinger equation. The total carrier number density n(z) is the sum of the carrier density of all subbands,
and N i is deduced from
where D 2d is a two dimensional density of states and f (E) is the Fermi function. The Fermi energy E F is determined so that it satisfies the charge neutrality of the system,
where N s is the total areal carrier density, ins is the permittivity of the gate insulator, and E G is the applied gate electric field. Combination of these equations gives the complete description of the ideal MIS structure [35] . Unfortunately, the equations are hardly solved analytically, because the potential depends both on ϕ i (z) and E i ; instead, in general, self-consistent numerical solutions are calculated. However, in order to investigate electronic properties of the accumulation layer conveniently, a simple analytic form of ϕ i (z) is very necessary. So many works of approximating ϕ i (z) have been done so far, but here we use one of the most tractable wave function. It is assumed that only the lowest band is occupied and N o = N s . Then, according to Takada and Uemura [36] :
where b is determined by minimizing the total energy, i.e., in SI unit
We have applied Eq. 3 for a typical example: a metal/Al 2 O 3 /SrTiO 3 MIS structure. (Note that SrTiO 3 
2 for metal/Al2O3/SrTiO3 MIS structure as a function of applied gate electric field EG and the depth from the interface z, where ϕ(z) is given by Eq. 3. Penetration (tunnelling) into the insulator is neglected. alumina = 8.5 × o is the permittivity of the Al2O3 gate dielectric and o is the permittivity of the vacuum. The distribution of n(z) is drastically changed by increasing the ratio between the permittivity sto/ o and the effective mass in the z direction mz/mo of SrTiO3.
here is a sample, but is not a gate dielectric.) As shown in Fig. 8 , the carrier density n(z) depends crucially on a parameter ( sto / o )/(m z /m o ), where sto / o is the permittivity of SrTiO 3 and m z /m o is the effective mass in the z direction of SrTiO 3 . The permittivity of SrTiO 3 rapidly increases with decreasing temperature, so the right panel of Fig. 8 corresponds to a condition around room temperature, while the left panel of Fig. 8 corresponds to that at low temperatures. These plots strongly indicate that SrTiO 3 is quite appropriate for a channel material of a conventional FET compared to other perovskite TM oxides, because the large permittivity makes the gate induced carrier distribute rather deep inside the bulk of SrTiO 3 especially at low temperatures; this will eventually help the carriers to avoid randomness of the potential at the Al 2 O 3 /SrTiO 3 interface. It should be also noted that SrTiO 3 shows metal-insulator transition at a carrier concentration below around 10 18 cm −3 [37] , and superconductivity appears at a carrier concentration range of 10 19 -10 21 cm −3 [38] . Figure 8 may demonstrate naively that at low temperature the gate electric field of even less than 1 MV/cm is enough to induce metal-insulator transition and that of 1 -2 MV/cm to induce the superconductivity. However, the discussion above assumes that only the lowest subband is occupied. Furthermore, when the average kinetic energy of electron is smaller than the average interaction energy, many-body effects such as exchange and correlation can play an important role to modify the subband structure. Thus, it is quite interesting how the electrostatic charging works for the interface of the Mott insulator. This is still in an unexplored field of research but is the most important one in order to develop a novel correlated electron device. Leak current density J through a Au/Al2O3(140ṅm)/Al(10 nm) structure plotted as a function of a gate electric field EG. The MIS structure was fabricated on a MgO substrate and the area is 20 µm × 20 µm. The amorphous Al2O3 insulator was made by the "gentle" deposition [41] . At 50 K, the breakdown field reaches as high as 10 MV/cm.
Thin-film gate insulator on a sample
By simply depositing a thin film of a dielectric material on the surface of a perovskite TM oxide, we can carry out the electrostatic carrier doping to the perovskite TM oxide through the dielectric thin film. Exemplars of the dielectric thin films used so far for this purpose are has a relative permittivity of ∼ 9 and the maximum electric breakdown field E bd is reported in many literatures to be 1 -3 MV/cm. However, atomic force microscopy investigation for the amorphous Al 2 O 3 thin film has reported that the nanometric E bd irrespective of the quality of the film reaches as high as 55 MV/cm [45] . According to a thermochemical model, E bd depends on approximately (
, which predicts E bd ∼ 9 MV/cm for the amorphous Al 2 O 3 . Indeed, a micro-fabrication of the device by photolithography has improved E bd up to 10 MV/cm (Fig. 9) . On the contrary, for devices larger than 0.1 mm×0.1 mm, we often observe a small portion of an electrode shows a breakdown at rather low field, and the values of E bd of devices on a same sample are quite diverged. That is, the dielectric breakdown of the amorphous Al 2 O 3 made by the "gentle" deposition is intrinsically a stochastic phe- nomenon. Hence, the "gentle" deposition method might not be suitable for the mass production of present electronic devices, nevertheless an important method for investigating the electrostatic carrier doping of exotic materials by applying a relatively large gate-electric field.
The "gentle" deposition is also appropriate for avoiding a severe damage by the sputter deposition on the sample surface. The Al 2 O 3 /SrTiO 3 FET as well as the Al 2 O 3 /KTaO 3 FET made by this method show clear FET characteristics at 300 K as seen in Fig. 10 [41] . The field effect mobility of the Al 2 O 3 /SrTiO 3 FET is 0.01 cm 2 /Vs and that of the Al 2 O 3 /KTaO 3 FET is 0.4 cm 2 /Vs. Moreover, the on/off ratio of the former is 100 and the latter is 10000. These relatively large mobility and the on/off ratio have proved good quality of the interfaces.
Pan et al. has fabricated an epitaxial heterostructure with La-dope SrTiO 3 thin film as a channel material and undoped SrTiO 3 on the top of it as a gate insulator. The epitaxial FET has shown a mobility of 2 -3 cm 2 /Vs at room temperature and 15 cm 2 /Vs at low temperature [40] . These large values reflect the metallic conductivity of the La-dope SrTiO 3 ; thus the on/off ratio is quite small because of the background current. However, it should be noted that even such metallic conductivity is sufficiently modulated by the large field effect which is due to the large permittivity of the SrTiO 3 gate insulator. pends on the depth of the depletion layer x which is described as a function of the applied gate voltage V . Then, the gate voltage dependence of the mobility is given by
where R s is the sheet resistance and R H is the sheet Hall coefficient. The V dependences of R s , N s = − 1 eR H and µ(x(V )) are depicted in Fig. 11 . Although LaTiO 3 is known as a Mott insulator [52], they have not increased the number of carrier at the interface up to one electron per site (6.5 × 10 14 cm −2 ) to induce the Mott transition. This method of using a single-crystalline SrTiO 3 substrate as a gate dielectric can generate in the near future a potential instrument to handily perform the electrostatic carrier-density tuning, by simply attach a material to be doped at a surface of the instrument.
ANOTHER TYPE OF TRANSISTOR ACTION
In the FET structures described above, no leak current is assumed to flow in the gate insulator in principle. However, if we use a dielectric material of a small band gap such as SrTiO 3 , we can rather actively use the leak current through the dielectric material by forming a barrier between the source/drain electrode and the dielectric material. In this case, the source/drain electrodes are called "emitter/collector", and the gate is called "base". Tamura et al. reported a dielectric-base transistor with a single-crystalline SrTiO 3 as a base dielectric and emitter/collector electrodes made of Nb [53] . Between the Nb electrodes and the SrTiO 3 base dielectric, an undoped thin Si film was sandwiched as a barrier [ Fig. 12 (a) ].
Figure 12 (b) shows a band diagram of the SrTiO 3 dielectric base transistor. Carriers are injected from the emitter/collector through the barrier by thermal emission or tunnelling, and travel through the SrTiO 3 base dielectric by diffusion, drift, or hot-electron transport. The observed transistor action is depicted in Fig. 12 (c) . Indeed, the similar transistor should be fabricated by using a Schottky barrier between the emitter/collector electrode and the SrTiO 3 base dielectric. However, by using a barrier with small permittivity, most of the voltages applied between base and the emitter/collector is spent inside the thin barrier, and the band bending of the SrTiO 3 depletion layer is reduced. Thus, the injection of the current to SrTiO 3 becomes much easier [54] .
It is worth while to apply this method to electrostatic carrier doping, i.e., replacing a base dielectric to a material to be carrier-doped, in case the material has a sufficiently large electric permittivity. Furthermore, the barrier width control for rectifying a current seems to be related to novel phenomena of the nonvolatile multilevel resistance switching. It has been argued that the barrier can be originated not only in the classical band bending but also in strong correlation effects [55] .
FUTURE PROSPECTS
The electrostatic tuning of the carrier density of perovskite TM oxides is an extremely important subject for condensed matter physics. However, no convincing paper has been published so far, having demonstrated a critical control of the carrier density at the boundary of the phase competition. Observation of this can provide valuable information on the correlated electron state. In the first place, there has been a long-standing question how the "band bending" concept of the semiconductor physics can be implemented to the Mott insulator. Unlike the semiconductor band gap, the correlation gap may "collapse" by the carrier doping. The naive one-electron picture of Fig. 8 cannot be parroted any more; even a basic understanding of the physics of the correlated electron device is much awaited. Beyond the phase control by the electrostatic carrier doping, challenging tasks ahead are the quantum critical phenomena such as a superconductivity near the phase boundary at T = 0 K. Furthermore, a narrow distribution of the energy of the electrons participating in the transport process may enhance the ther-moelectric efficiency drastically. I hope this review could encourage one to envisage researches for these issues.
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